Abstract As a survival strategy to environmental water deficits, desiccation-tolerant organisms are commonly known for their ability to recruit stress-protective biomolecules such as trehalose. We have previously reported the pivotal role of trehalose in larval desiccation tolerance in Drosophila melanogaster. Trehalose has emerged as a versatile molecule, serving mainly as energy source in insects and also being a stress protectant. While several recent reports have revealed the unconventional role of trehalose in scavenging reactive oxygen species in yeast and plants, this aspect has not received much attention in animals. We examined the status of desiccation-induced generation of reactive oxygen species in D. melanogaster larvae and the possible involvement of trehalose in ameliorating the harmful consequences thereof. Insect trehalose synthesis is governed by the enzyme trehalose 6-phosphate synthase 1 (TPS1). Using the ubiquitous da-GAL4-driven expression of the dTps1-RNAi transgene, we generated dTps1-downregulated Drosophila larvae possessing depleted levels of dTps1 transcripts. This resulted in the inability of the larvae for trehalose synthesis, thereby allowing us to elucidate the significance of trehalose in the regulation of desiccation-responsive redox homeostasis. Furthermore, the results from molecular genetics studies, biochemical assays, electron spin resonance analyses and a simple, non-invasive method of whole larval live imaging suggested that trehalose in collaboration with superoxide dismutase (SOD) is involved in the maintenance of redox state in D. melanogaster.
Introduction
Imbalances in abiotic factors such as temperature and humidity can lead to desiccating conditions in nature. Body water loss in response to desiccation stress can pose severe challenges for survival under physiological water deficits (Chown and Nicolson 2004) . To escape hostile dehydration bouts in nature, desiccation-tolerant organisms possess the ability to sustain the dehydrated state followed by revival and resumption of active metabolism upon rehydration (Keilin 1959) . One of the common mechanisms of desiccation tolerance is the ability of organisms to synthesise compatible solutes like proline, glycine betaine, umbelliferose, trehalose, mannitol, sorbitol, glycerol and LEA proteins (Tunnacliffe and Lapinski 2003) . Among these biomolecules, trehalose is well known as a stress protectant (Reyes-DelaTorre et al. 2012) and is also drawing attention for its novel roles in nutrition-associated behaviour in insects (Liua et al. 2013) . Trehalose is extensively found in bacteria, fungi, plants and invertebrate animals but is absent in vertebrates (Shukla et al. 2015) . In recent times, the unconventional role of trehalose to scavenge superoxide radicals (O 2 ·− ) has been widely Electronic supplementary material The online version of this article (doi:10.1007/s12192-015-0658-0) contains supplementary material, which is available to authorized users.
appreciated in plants and yeast (França et al. 2007 ). To our knowledge, in barring a few studies (Echigo et al. 2012) , this aspect has hardly been studies in animals.
In the purview of dehydration, loss of body water causes osmotic perturbations resulting in ionic fluctuations and the generation of reactive oxygen species (ROS) (Rizzo et al. 2010) . ROS are highly reactive entities and comprise a whole gamut of species like singlet oxygen, superoxide and hydroxyl ions, hydrogen peroxide, nitric oxide and peroxynitrite ions (Gutteridge and Halliwell 2001) . In living systems, endogenous sources of ROS generation include a variety of cellular activities such as respiration, photosynthesis, metal-catalysed reactions, etc. (Mittler 2002) . Under normal physiological conditions, there exists equilibrium in the amount of ROS and the antioxidants. However, this equilibrium is perturbed when the rate of ROS generation exceeds that of the antioxidant defence machinery leading to the onset of oxidative stress. Thus, the level of antioxidants often reflect the ROS pools in organisms and have been used as indicators in studies concerning the oxidative stress response inflicted by stressors like hypoxia, radiation, desiccation and chill (Benoit and Lopez-Martinez 2012) .
Previous work from our laboratory has reported that trehalose confers desiccation tolerance ability in the larvae of Drosophila melanogaster (Thorat et al. 2012) . In this study, we extended our investigation to find out the status of desiccation-induced ROS generation in the larvae and the possible involvement of trehalose in ameliorating the harmful consequences involved therein. Members of the family Drosophilidae make excellent model systems for molecular genetics-based inquiries because they are highly amenable to genetic manipulations. We took advantage of genetic tools to generate dTps1-downregulated larvae in which trehalose synthesis was severely reduced. Trehalose 6-phosphate synthase (TPS1; EC 2.4.1.15) is the first enzyme involved in insect trehalose synthesis (Wyatt 1967) , and thus, dTps1-downregulated progeny provided proof of the concept that trehalose indeed plays a pivotal role in larval desiccation tolerance. Furthermore, we elucidated the involvement of trehalose in the regulation of desiccation-responsive redox homeostasis in the larvae. To execute our approach, we categorised the larvae into two groups, viz. trehalose fed and unfed. Using molecular genetics tools, biochemical assays, electron spin resonance analyses and a simple, non-invasive method of whole larval real-time imaging, we demonstrate that trehalose in collaboration with superoxide dismutase (SOD) is involved in the maintenance of redox state in the larvae of D. melanogaster.
Materials and methods

Flies
Wild-type flies of D. melanogaster (Oregon K + strain) were used in this study. dTps1-RNAi and GAL4 fly lines were received as a kind gift from Prof. Alexander Brehm (Philipps Universität Marburg, Germany). Males of dTps1-RNAi transgenic line of flies (carrying UAS-RNAi construct against dTps1) were mated with virgin females of ubiquitous daughterless Gal4 flies (P{da-Gal4} expressing Gal4 in da pattern) to obtain progeny depleted with dTps1 (henceforth referred to as the progeny expressing the dTps1-RNAi transgene or the dTps1-downregulated progeny). These downregulated individuals were incapable of producing trehalose due to the block in trehalose biosynthesis. Early-third instar ORK and dTps1-downregulated larvae were used for all subsequent experiments. All fly lines were reared on a standard cornmealagar food medium and maintained in a biological oxygen demand (BOD) chamber (CI-6S Remi, India) at 23±1°C under conditions of 14:10-h L/D.
Trehalose feeding
Wild-type and dTps1-downregulated larvae were incubated in glass vials containing either 5 ml of 25 mM trehalose (Sigma, USA) solution or water for 1 h prior to desiccation. The former batch formed the trehalose-fed group, while the later was referred to as the trehalose-unfed group. After 1 h of feeding, groups of ten larvae were picked up and blotted on a filter paper sheet followed by desiccation treatment.
Desiccation stress
Desiccation treatment was carried out using the method published before (Thorat et al. 2012) . In brief, unfed and fed wildtype and dTps1-RNAi transgene-expressing larvae were exposed to acute desiccation stress at <5 % relative humidity for defined hours (h) followed by rehydration with water. Larvae were judged for survival based on abdominal contractions using a stereo zoom microscope (Magnus MS 24; Olympus Pvt. Ltd., India). Undesiccated wild-type and dTps1-downregulated larvae were used as the respective controls.
Detection of trehalose accumulation
Trehalose quantification was carried out by HPLC analysis as described before (Thorat et al. 2012) . Briefly, groups of 30 pre-weighed larvae were picked up at appropriate time points of desiccation and homogenised in 300 μl of 90 % ethanol with 0.1 mg sorbitol as an internal standard. The samples were centrifuged at 1500g for 10 min, and the supernatants were analysed on an HPLC system (Waters) as per the manufacturer's instructions. The assembly comprised of a guard column attached to the analytical column (Sugar-Pak, 6.5 mm× 300 mm) equipped with a reflective index detector (RID-2410). The oven was heated to 70°C, and Ca 2+ /EDTA was used as the mobile phase with a constant flow rate of 0.4 ml/ min. Standard solution of trehalose was analysed, and content of trehalose in the larvae (μg/larva) was estimated.
RNA isolation and reverse transcription quantitative PCR analysis
Larvae were picked up at specific time points and frozen down in liquid nitrogen followed by total RNA extraction using the peqGOLD Total RNA Kit (Germany) according to the manufacturer's instructions as described previously . RNA was quantified and was used for cDNA synthesis using M-MLV Reverse Transcriptase Kit (Invitrogen, USA). Reverse transcription quantitative PCR (RT-qPCR) analysis was carried out on Step One System (Applied Biosystems, USA) using appropriate primer sequences for quantifying dTps1 transcripts in the larvae relative to rp49 transcripts (dTps1: For-5′-TTCTTCCTGCA C AT C C C AT T a n d R e v -5 ′ -C A G G T C A C A A C C C A A C ATA C C ; r p 4 9: For-5′ -G AT C G T G A A G A A GCGCACCAAG and Rev-5′-CCGGATTCAAGAAG TTCCTGGTG). Undesiccated wild-type control values were set to 1 against which all other values were compared. The results were represented as fold induction relative to rp49.
Determination of enzyme activity
Biochemical assay for determination of SOD activity was carried out according to published procedures (Datkhile et al. 2009 ). The larvae were picked up at specified time points and homogenised in extraction buffer, and the supernatants obtained on centrifugation were used as crude extracts for spectrophotometric measurements of enzyme activity on a UV-Vis spectrophotometer (V-630; JASCO International, Japan). Protein estimations were carried out by Lowry et al. (1951) .
For determination of SOD activity, absorbance was monitored at 560 nm. One unit of enzyme activity was defined as the amount of enzyme required to cause 50 % inhibition in the rate of NBT reduction under standard assay conditions.
Measurement of superoxide radicals
After desiccation treatment, the larvae were incubated in the dark in 2′,7′-dicholorodihydrofluorescein diacetate (DCF-DA; Cayman, USA) solution for 20 min for the detection of O 2 ·− . Post incubation, the larvae were homogenised in 100 mM phosphate-buffered saline (PBS) and centrifuged at 5000g at 4°C for 10 min. The supernatants obtained were measured by fluorimetry (Varian Cary Eclipse UV-Vis Fluorescence Spectrophotometer, Australia) at dye specific excitation and emission wavelength. DCF-DA dye solution was run as standard and data were normalised according to the weight of the larvae.
Whole organismal live imaging
As described above, after desiccation, the larvae were incubated in DCF-DA solution in the dark for 20 min. At the end of the incubation period, the larvae were given a quick rinse in water and the whole larvae were mounted in PBS on a glass slide for live imaging. Fluorescence images were taken using an Olympus fluorescence microscope with DP71 camera attachment (Olympus 1X71, Japan).
Electron spin resonance (ESR) analysis
ESR analysis for validation of the presence of O 2 ·− was adopted from a published procedure (Kumarov 2005) . 5-Diethoxyphosphoryl-5-methyl-1-pyrroline-N-oxide (DEPMPO; Enzo Life Sciences, USA) was used as the spintrapping agent that forms DEPMPO-OOH spin adducts upon detection of O 2 ·− . Larval hemolymph was extracted in 100 mM PBS (pH 7.4) and centrifuged at 5000g at 4°C for 10 min. The reaction mixture comprising 50 μl of supernatant and 30 mM DEPMPO was placed into a 200-ml quartz flat cell, and spectra were acquired on an ESR system (JEOL, Japan) with a modulation amplitude of 2 G and a microwave power of 20 mW.
Statistics
All experiments were replicated thrice (n=30 larvae per replica) under standard laboratory conditions. Mean±SD values obtained were subjected to Student's t test using SPSS, version 12.0 (SPSS Inc., Chicago, IL, USA).
Results and discussion
Desiccation tolerance threshold
Threshold tolerance (in hours) of the unfed wild-type (WT) larvae to desiccation was found to be 11.87±0.78 h (WT unfed, desiccated ) (Fig. 1) , whereas trehalose feeding caused a statistically significant increase to 23.91±1.14 h in the tolerance threshold in the fed larvae (WT fed, desiccated ) (P<0.005). As expected, dTps1-downregulated (D/R) larvae showed a low tolerance threshold of 5.22±1.5 h (D/R unfed, desiccated ). Interestingly, exogenous trehalose feeding enhanced the ability of dTps1-downregulated larvae to withstand prolonged desiccation exposure up to 9.62±2.75 h (D/R fed, desiccated ). Upon rehydration with water, the wild-type larvae revived and resumed metabolism followed by normal life activities. In contrast, although dTps1-downregulated larvae showed revival, they did not survive beyond 5 h of rehydration and thus could not reach the pupal stage (data not shown). Based on these data, all further results described in this study represent measurements/analyses carried out at 10-h desiccation and 12-h rehydration for the wild-type larvae and at 5-h desiccation and 3-h rehydration for the dTps1-downregulated larvae.
Trehalose is a very crucial component of insect physiology (Reyes-DelaTorre et al. 2012). In our study, exogenous feeding of trehalose dramatically increased the in vivo trehalose pools and also enhanced larval desiccation tolerance. These observations are in agreement with previous findings in the Antarctic midge larva, Belgica antarctica, wherein exogenously injected trehalose resulted in augmented tolerance towards desiccation (Benoit et al. 2009 ). Earlier, Chen et al. (2002) also demonstrated a role of trehalose towards anoxia tolerance in D. melanogaster. Using dTps1 over-expressing fly lines and dTps1 mutants, they showed that overexpression of dTps1 in D. melanogaster led to doubling of the fly trehalose content and also increased anoxia tolerance whereas the mutants suffered death at early developmental stages. They further concluded that apart from stress protection, dTps1/trehalose play crucial roles in the development and key physiological functions in fly. Very recently, dTps1 mutants of D. melanogaster have been reported to exhibit diet-dependent phenotypes and development and growth-related defects (Matsuda et al. 2015) . A trehalose transporter in insects is responsible for the bidirectional transport of trehalose synthesised in the fat body across other tissues. Thus, the trehalose transporter is abundantly expressed in the fat body while low expression profiles are also seen in the insect gut and the nervous tissues (Kikawada et al. 2007; Liua et al. 2013) . We therefore believe that the trehalose taken up by the larvae upon feeding was transported to the hemolymph via the trehalose transporter from the gut. Analogous studies in plants have also confirmed that exogenous supplementation of trehalose in several plant species improves desiccation tolerance (Shafiq et al. 2015) .
Effects of trehalose feeding
At the end of desiccation, the wild-type undesiccated larvae showed a basal trehalose level of 2.2±0.34 μg/larva (WT unfed, undesiccated control ) while the level in desiccated larvae was as high as 10.22±1.97 μg/larva (WT unfed, desiccated ) (P<0.005) (Fig. 2a) . Interestingly, trehalose feeding remarkably elevated the total trehalose content of the fed larvae to 32.41±2.44 μg/ larva (WT fed, desiccated ) which was almost a 15-fold increase over the wild-type undesiccated control level (P<0.001). In contrast, the incapability for trehalose synthesis of dTps1-RNAi-expressing larvae resulted in negligible accumulation of trehalose that averaged to 0.69±0.22 μg/larva (D/R unfed, undesiccated control ) and 0.52±0.34 μg/larva (D/R unfed, desiccated ) (Fig. 2a) . In the fed larvae, trehalose levels rose to 7.5± 1.12 μg/larva (D/R fed, desiccated ), indicating an approximately 11-fold increase in comparison to their unfed, undesiccated controls (P<0.05). As evident, dTps1 downregulation led to marked reduction in desiccation tolerance threshold which was rescued to a considerable extent upon exogenous trehalose feeding.
RT-qPCR confirmed that irrespective of exogenous trehalose feeding, the larvae expressing the dTps1-RNAi transgene possessed negligible levels of dTps1 transcripts and thus were incapable of producing trehalose (Fig. 2b) . Thus, the relatively higher trehalose accumulation observed in the fed dTps1-downregulated larvae (Fig. 2a) could be attributed mainly to the exogenous trehalose. In contrast, unfed and fed wild-type larvae showed nearly a 3.5-fold increment in dTps1 levels, leading to a concomitant increase in trehalose in response to desiccation. These results confirm a significant role of trehalose in D. melanogaster larval desiccation tolerance.
Desiccation-responsive oxidative stress and involvement of trehalose in the regulation of redox state
We next examined the status of desiccation-induced oxidative stress and whether trehalose plays any role in mitigating the Fig. 1 Comparative threshold desiccation tolerance (in hours) in the unfed and trehalose-fed wildtype and dTps1-downregulated larvae after desiccation h a r m f u l c o n s e q u e n c e s o f R O S a c c u m u l a t i o n . Spectrofluorimetric measurements using DCF-DA dye revealed the generation of O 2 ·− upon exposure to desiccation stress in the wild-type as well as the dTps1-downregulated larvae (Fig. 3a) . In both the larval groups, trehalose feeding notably reduced the amount of O 2 ·− . In the case of the wild type, the undesiccated controls exhibited significantly lower levels of O 2 ·− as compared to those of the desiccated larvae. Furthermore, among the desiccated groups, the unfed larvae possessed substantially higher O 2 · − content than those fed with trehalose (P<0.05). dTps1-downregulated larvae also showed maximum O 2 ·− levels in the unfed desiccated group as compared to the levels recorded from the undesiccated control and the trehalose-fed larvae (P<0.05). The overall accumulation of O 2 ·− was considerably high in the dTps1-RNAi transgene-expressing larvae in comparison to their wild-type counterparts. Upon rehydration, levels of O 2 ·− started to decline and eventually matched the control values at the end of the recovery period in both the larval groups. Overall, these data confirmed desiccation-induced oxidative stress in both the wild-type larvae and those expressing the dTps1-RNAi transgene.
Having confirmed the presence of O 2 ·− in the larvae, we next elucidated the involvement of superoxide dismutase (SOD), the universal O 2 ·− scavenger in most plants and animals (Mittler 2002) . We found that in the unfed wild-type desiccated larvae, the SOD activity averaging to 1423.3± 30.67 (WT unfed, desiccated ) was substantially higher than the basal SOD activity of 380.24±79.35 U/mg protein (WT unfed, undesiccated control ) in undesiccated controls (P<0.005) (Fig. 3b) . Remarkably, trehalose-fed wild-type larvae showed lower SOD levels up to 845.61±101.26 U/mg protein (WT fed, desiccated ). Similarly, the unfed dTps1-downregulated larvae showed a significantly higher SOD activity of 1998.7 ± 176.31 (D/R unfed, desiccated ) as compared to the undesiccated control value of 415.9 ± 86.12 U/mg protein (D/R unfed, undesiccated control ) (P<0.005) and that of the trehalose-fed larvae with a value of 1425.5±66.32 U/mg protein (D/R fed, desiccated ) (P<0.05). Following rehydration, the activity of SOD matched the controls in both the larval groups.
It thus appeared that upon desiccation, the wild-type and the dTps1-downregulated larvae showed an increase in SOD levels to scavenge the O 2 ·− generated during desiccation exposure. However, it is important to note that the trehalose-fed larvae (endogenous+exogenous trehalose) harboured lower levels of SOD in comparison to their unfed (endogenous trehalose only) counterparts. In other words, SOD activity was Fig. 2 Estimation of trehalose and dTps1 transcripts at the end of desiccation. a Total trehalose content (μg/larva) in the control, unfed and trehalose-fed wild-type and dTps1-downregulated larvae after desiccation. b Fold induction of dTps1 transcripts after desiccation in the wild-type and dTps1-downregulated larvae. Undesiccated wild-type control values were set to 1 against which all other values were compared. The results were represented as fold induction relative to rp49 markedly reduced in the presence of trehalose, suggesting that the degree of SOD activity was largely influenced by the available trehalose pools in the larvae. Thus, in the fed larvae, O 2 ·− scavenging could be achieved majorly by trehalose and, to some extent, by SOD which is the reason why levels of SOD remained significantly low. On the other hand, upon rehydration, trehalose itself is known to undergo hydrolysis (Thorat et al. 2012 ) and hence one can expect that the declining trehalose concentration (data not shown) signalled the elevation in SOD activity. These observations pointed out a negative correlation between trehalose levels and SOD levels, suggesting the trehalose-dependent recruitment of SOD in the larvae. This interplay between trehalose and SOD levels could be attributed to the cell's economising strategy to avoid the diversion of energy and resources for unwarranted cellular activities, especially given the hypometabolic state during desiccation. The fact that trehalose and SOD show intermolecular interactions (http://www.ncbi.nlm.nih.gov/ Structure/mmdb/mmdbsrv.cgi?uid=4L2D) also lends weight to our findings of their collaborative ability to ameliorate the effects of ROS generation as a result of dehydration.
To confirm a role of trehalose as an O 2 ·− scavenger, we investigated the effects of trehalose on scavenging of free radicals by whole larval live imaging. Being short-lived ions, temporal detection of ROS is often a difficult task. Here, we adopted a straightforward and non-invasive approach of whole larval real-time imaging to visualise the presence of ROS. Live imaging of whole larvae confirmed the above results on the basis of fluorescence signals of DCF-DA dye as shown in the video clippings (Online Resource 1-6) wherein higher fluorescence indicated the presence of higher O 2 ·− content. Substantially high fluorescence signal was seen in the unfed wild type (Fig. 4a) at the end of desiccation when compared with undesiccated control and the trehalose-fed larvae. Fig. 3 ROS levels and SOD activity in the desiccated and rehydrated control, unfed and trehalose-fed wild-type and dTps1-downregulated larvae. a Detection of O 2 ·− using DCF-DA. b Determination of specific activity of SOD (U/mg protein) Fig. 4 Representative images of whole larval live imaging under a fluorescence microscope. a Visualisation of O 2 ·− using DCF-DA dye in the control, unfed and trehalose-fed wild-type larvae. b Visualisation of O 2 ·− using DCF-DA dye in the control, unfed and trehalose-fed dTps1-downregulated larvae. Bar= 1 mm A similar trend was seen in the dTps1-downregulated group wherein the trehalose-fed larvae showed strikingly reduced fluorescence intensity in comparison to the unfed larvae. Rehydration led to the decrease in signal intensities, indicating the decline in O 2 ·− in both the larval groups. To validate these observations, we performed ESR analysis which facilitated the detection of short-lived radicals using the spin trap (DEPMPO) to form long-lived radical spin trap adduct (DEPMPO-OOH) depending on the presence of O 2 ·− in the larvae. The undesiccated wild-type control (Fig. 5a) 
